Abstract. The standard geometric optics (GO) technique predicts that the phase function for large nonspherical particles with parallel plane facets (e.g., hexagonal ice crystals) should have an infinitesimally narrow 15-function transmission peak caused by rays twice transmitted (refracted) in exactly the forward scattering direction. However, exact T-matrix computations and physical considerations based on the Kirchhoff approximation suggest that this peak is an artifact of GO completely ignoring physical optics effects and must be convolved with the Fraunhofer pattern, thereby producing a phase function component with an angular profile similar to the standard diffraction component. This convolution can be performed with a simple procedure which supplements the standard ray-tracing code and makes the computation of the phase function and its Legendre expansion both more physically realistic and more accurate.
Introduction
It is well known that a convenient way of representing the scattering phase function P(©) for aerosol and cloud particles is expanding it in Legendre polynomials as where © is the scattering angle, P,(cosO) are Legendre polynomials, and the value of the upper summation limit nma x depends on the desired numerical accuracy of the expansion [van de Hulst, 1980; Lenoble, 1985; Stephens, 1994; Yanovitsko', 1997] . Since the number of numerically significant terms in the Legendre expansion is finite and often relatively small, this expansion can be used for efficiently computing the phase function for essentially any number of scattering angles with a small consumption of CPU time. Furthermore, the Legendre expansion coefficients x, can be used to directly compute the Fourier components of the phase function via simple and exact analytical formulas, which is the first step in radiative transfer computations using numerical techniques such as the adding/doubling method [Hansen and Travis, 1974; Wiscombe, 1976; van de Hulst, 1980] , the discrete ordinates method [Stamnes et al., 1988; Nakajima and King, 1992] , and the spherical harmonics method [Benassi et al., 1984] .
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The Legendre expansion coefficients for the widely used Henyey-Greenstein phase function are given by the simple analytical expression [van de Hulst, 1980] x, = (2n + 1)g "
where g is the asymmetry parameter. Efficient exact methods based on solving Maxwell's equations exist for computing the expansion coefficients for spherical particles [e.g., de Rooij and van der Stap, 1984, and references therein], randomly oriented, rotationally symmetric nonspherical particles [Mishchenko, 1991] , and randomly oriented clusters of spheres [Mackowski and Mishchenko, 1996] . For irregular particles with sizes much larger than the wavelength of the incident radiation, such as cirrus cloud particles in the visible, direct numerical solutions of Maxwell's equations do not currently exist. Therefore the expansion coefficients have to be computed by using an approximate technique such as the geometric optics (GO) approximation. Using the orthogonality property of Legendre polynomials, we easily derive from equation (1) 2n+l I It is obvious, however, that GO predicts the infinitesimally narrow b-function transmission peak only because it completely ignores physical optics effects. Simple physical optics considerations similar to those of Muinonen [1989] and Muinonen et al. [1989] cause us to conclude that although a strong nondiffraction forward scattering peak does exist and can be qualitatively explained in GO terms as a manifestation of the b-function transmission, it nonetheless has an appreciable angular width comparable to that of the Fraunhofer diffraction peak and a diffraction-like angular profile. In the following sections we use exact T-matrix computations to substantiate this conclusion and describe a simple modification of the standard ray-tracing procedure which makes GO computations more physically realistic and accurate. Furthermore, we show that this modified procedure significantly simplifies and makes more accurate the numerical computation of the Legendre expansion coefficients for particles with parallel plane facets.
Definitions
The ray-tracing technique assumes the representation of an incident plane electromagnetic wave as a sufficiently large number of incoherent parallel rays. Each individual ray is independently traced for a given particle geometry and orientation using Snell's law and Fresnel's equations [Jackson, 1975] . All escaping rays are sampled into incremental solid angle elements (bins) centered at predefined discrete scattering angles from 0 ø to 180 ø. This procedure yields the angular distribution of the scattered intensity and is repeated for a sufficiently large number of particle 
T-Matrix Computations
As mentioned in the introduction, the S-function transmission is not a real phenomenon but is rather an x 10 -7 and is typical of water ice at visible wavelengths [Warren, 1984] We assume that the external light is unpolarized and is incident along the rotational axes of the particles so that both particles have exactly the same circular projections perpendicular to the incident light and thus exactly the same diffraction contributions to the total phase function. The Tmatrix computations show that the phase function value at © = 0 for the circular disk is greater than that for the spheroid by as large a factor as 2.7. However, despite the large difference in the amplitudes of the forward scattering peaks for the two phase functions, their angular profiles, defined as P(©)/P(Oø), are almost the same (Figure 1) , so the half widths at half maximum of the two peaks differ by only 10%.
These results can be explained as follows' The circular disk gives two strong contributions to the phase function at zero scattering angle, one due to diffraction and another due to rays twice refracted in the forward direction by the large parallel plane facets. Because of the optical physics effect ] the angular profiles of both contributions are similar. On the other hand, the spheroid produces only the strong diffraction component. As a result, the total phase function value at © -0 ø for the disk is much greater, whereas the angular profiles of the phase functions for the disk and the spheroid are nearly the same. This explanation shows that the angular profile of the b-function transmission peak for the disk is not a true/5 function but is rather described by the same Fraunhofer pattern as the standard diffraction peak. Importantly, diffraction contributes 71% of the total phase function value at © = 0 for the spheroid and only 26% for the disk, thus demonstrating that 
, ( In this paper, we first used exact T-matrix computations for rather large nonspherical particles to demonstrate that the effect that can be interpreted in geometric optics terms as bfunction transmission through parallel planes indeed results in a quasi-Fraunhofer forward scattering peak rather than in a true b-function peak. We then described a very simple numerical procedure which incorporates this physical optics effect in the standard ray-tracing computation of the phase function for large particles with parallel plane facets. This procedure not only makes ray-tracing computations more physically relevant but also simplifies and makes more accurate the computation of the phase function and its Legendre expansion. It should be noted that our specific procedure may not be the only practical way of incorporating the b-function transmission component using the physical optics approximation [cf. Yang and Liou, 1996] . Also, its accuracy for very large particles cannot be assessed directly due to the lack of exact theoretical methods based on solving Maxwell's equations and applicable to size parameters exceeding a few hundred. However, our approach is physically based and appears to be very simple and well justified since it consists of directly computing the amount of energy contained in the b-function transmission peak and convolving it with the Fraunhofer angular pattern.
As one of the reviewers of this paper has characterized our procedure, it is yet another patch for the ray-tracing approach to scattering problems. The ray-tracing technique has many disadvantages like the ignorance of the crossing of caustics or the interference of waves and dealing immediately with irradiance rather than with electric fields. These factors can degrade significantly the accuracy of ray-tracing computations, often in an unpredictable way. However, the lack of exact methods applicable to large ice crystals may make patches like this one useful, at least for the near future.
In addition to the b-function transmission component the phase function shown in Figure 5 exhibits a pronounced corner retroreflection peak centered at O = 180 ø and having an infinitesimal angular width in the framework of the standard ray-tracing approximation. As suggested by Muinonen et al. [1989] , this peak should also be convolved with the Fraunhofer angular pattern, and this can be done in a way similar to that described in the previous section. However, the amount of energy concentrated in the corner retroreflection peak is small as compared to that of the bfunction transmission peak, thus making the latter correction less important.
